The van der Waals magnet CrSiTe 3 has captured immense interest because it is capable of retaining the long-range ferromagnetic order even in its monolayer form, thus offering potential use in spintronic devices. Bulk CrSiTe 3 crystal is an indirect gap semiconductor with the gap size of ~ 0.4 eV at room temperature. Here, ultrafast terahertz (THz) emission spectroscopy and time resolved THz spectroscopy are employed to investigate the THz emission and the dynamics of photocarrier respectively in CrSiTe 3 crystal, it is found that the CrSiTe 3 crystal is a good candidate for THz generator with mid-IR laser pulse pumping, demonstrating by the very large second order nonlinear coefficient which is even 30 times larger than that in the conventional THz emitter, (110)-oriented ZnTe crystal. Theoretical analysis based on space symmetry of CrSiTe 3 suggests the dominant role of surface optical rectification effect in producing the THz emission, in consistence with the experimental observation that the emitted THz amplitude strongly dependents on the azimuthal and pumping polarization angles. The present study offers a new efficient THz emitter as well as a better understanding of the nonlinear optical response of CrSiTe 3 . It hopefully will open a window toward the investigation on the nonlinear optical response in the mono-/few-layer van der Waals crystals with low-dimensional magnetism.
Introduction
The van der Waals (vdW) magnets, such as CrXTe 3 (X = Si, Ge), display extraodinary physical properties arising from the complex magnetic exchanges. [1] [2] [3] [4] One prominent vritue of this family of materials is that even in the atomically thin limit they still exhibit intrinsic long-range magnetic order which was previously thought to be strictly prohibited by thermal fluctuations in two-dimensional (2D) systems with continuous symmetry, thus offering opportunities to fundamentally study this peculair low-dimensional magnetism and explore the potential use in spintronics. [5] [6] [7] Furthermore, the combination of the semiconductivity and magnetism in a single material provides ideal candidate for potential applications in optoelectronics. [8] Most of the present attentions are paid on the magnetic properties of CrXTe 3 , [1] [2] [3] [4] [5] [6] [9] [10] [11] [12] while the optical properties, especially the nonlinear optical response, remain nearly uninvestigated. [11, [13] [14] [15] [16] In fact, as a semiconductor with narrow band gap, CrXTe 3 may exhibit optical response intimately related to the intrinsic properties. To guide the light into this shadow area, we performed study on the nonlinear optical response of the CrSiTe 3 (CST) single crystal at room temperature by employing THz emission spectroscopy combined with optical pump and THz probe (OPTP) spectroscopy. [17] [18] Interestingly, a broad band terahertz (THz) radiation upon femtosecond pulse illumination is observed, which was confirmed to arise from the surface optical rectification. The effective nonlinear coefficient in CST was found to be more than 30 times larger than that in a conventional THz emitter ZnTe. In addition, optical pump and THz probe spectroscopy measurements also reveal two relaxation processes of the photocarrier dynamics, i.e. the electron-phonon coupling and the surface defect trapping processes. Bulk CST crystallizes into a layered structure with each unit cell being constructed by three CST layers stacking in an ABC sequence, in which the short Si-Si bonds form Si pairs and hence Si 2 Te 6 ethane-like groups. The Cr ions locate at the centers of slightly distorted octahedron of Te atoms. The Cr ions and Si pairs, in a 2:1 ratio, form the octahedral site plane and are sandwiched between Te planes. The crystal structure of CST is illustrated in Figure 1 (a) seen along diffreent orientations. Figure 1 (b) presents the room temperature powder x-ray diffraction (XRD) pattern that could be indexed on the basis of ̅ space group. The crystal was cut along the ab-plane, i.e. c-cut, for later measurements, shown by the inserted picture in Figure 1(b crystallinity of our crystals. Figure 1 (c) presents the Raman scattering of the CST single crystal at room temperature with cross polarization configuration, revealing the three Raman peaks locating at 86 cm -1 , 116 cm -1 and 145 cm -1 which are assigned as , and modes, respectively. The asymmetry profile of the most pronounced feature of at low temperature evidences the spin-phonon coupling in the crystal. [14] The absorbance, l, is obtained by measuring the UV-visible absorption spectrum at room temperature. Figure 1 (d) plots the (h) 0.5 against h, where , h, and  are the absorption coefficient, Planck constant, and frequency, respectively. The band gap energy, E g , is determined to be about 0.40.03 eV, agreeing well with the calculated value. [11] The band structure of CST presented in the Supplememntary Information (SI) by Figure S1 was calculated by meams of the first-principle method with VASP package, [19] which clearly shows an indirect gap semiconductor nature at room temperature with the gap of 0.43 eV and a direct band gap of 1.20 eV. From the analysis of the indirect band gap shown in Figure 1(d) , the coupling phonon energy is determined as about 100 meV, which is much larger than that of fundamental phonon modes, suggesting the important role(s) of the overtone and/or combination modes in the optical transition. [11] (a) purged with dry nitrogen to avoid water vapor absorption. All measurements were performed at room temperature unless we specifically noted. As shown in Figure S2 .1 in SI, CST has a refractive index of 3.17 with negligible absorption to the investigated THz frequency, therefore the THz emission spectroscopy with transmission configuration is applied, which makes the data analysis much simpler. We would like to note that the c-cut CST crystal shows isotropy in the THz transimission in the ab-plane, and is almost independent of the temperature in the investigated THz frequency, which are presented respectively in Figure S2 absorption coefficient of CST to 800 nm laser is about 1.610 5 cm -1 , [11] indicating an optical penetration depth of about 62.5 nm and the induced THz emission mainly comes from the surface effect. Figure 3 THz emission reverses its sign when the azimuthal angle changes 60 0 . Figure 3 
Experimental Results
plots the azimuthal angle depenent amplitue of the generated THz electric field, it is clearly seen that the THz emission strength shows a triple symmetry, which shows a good consistence with the structural symmetry in ab-plance of the crystal. Figure   3 (c) shows the pump fluence dependence of THz emission amplitude in time domain at the azimuthal angle of 150 0 , revealing a good linear dependence on the pump fluence as is plotted by Figure 3(d) , which indicates that the THz generation is originated from the surface optical rectification effect rather than photo Dember effect as that observed in InAs semiconductor. [20] In order to evaluate the polarization of the THz radiation, a pair of wire-grid polarizers (P1 and P2) was placed between two parabolic mirrors, PM3 and PM4, as illustrated in Figur 2(b), in which the polarization of P1 is fixed along horizontal direction, and P2 is aligned at polarization angle of 45 0 with respect to the horizontal direction. The sum and difference of these two spectra at 45 0 give the horizontal and vertical electric-field components, respectively. [21] [22] Our experiment confirmed that the THz waveform obtained from the sum signals between +45 0 and -45 0 agrees well with the waveform measured directly at the horizontal component. Figure 4 Figure S3 of the SI.
Next, we investigated the pump polarization dependence of THz radiation with the fixed angle, . The pump polarization can be changed continuously by rotating a half-wave plate (HWP) inserted in the pump path. Figure 4 (d) shows the peak-to-peak amplitude of E H and E V components of THz radiation with respect to .
The peaking amplitude oscillates with  in a periodicity of 180 0 . The solid lines are the fitting curves with sine function, which produces the phase retardation between E H and E V of about 50 0 , closed to the theoretical value of /4 as presented later. and vertical (E V ) components of THz radiation with respect to the polarization angle  with fixed , the solid lines are fitting curves with Eqs. (7) and (8) . 3D plots of THz radiation with two selected polarization angles =0 0 (e) and 45 0 (f). Figure 2(c) , the x-y system is assigned as a sample coordinate system, in which the angle  is the included angle between x and x 0 . The E is the polarization direction of incident optical pulse and the azimuthal angle  denotes the angle between x and E. The fs pulse propagating along z(c)-axis of the CST crystal generates the THz emission. Supposing that the generated THz wave (with electric field ⃑ , the arrow denotes the vector character) is a plane wave and the wave equation in the crystal can be written as [23] [24] 22 (1) is , which in fact depends on the refractive index difference between THz frequency and optical frequency, i.e. n Optn THz . The THz wave generation efficiency is maximal when n Opt = n THz which is the phase matching condition. The penetration depth of CST at 800 nm is about 62.5 nm, which is three-order of magnitude smaller than the walk off length l w (l w ~ 61 m, SI), so that the sinc function in the right term of Eq. (3) 
As illustrated in
where  = tan -1 (d 11 /d 16 ). The generated THz E-field, E THz , as a function of azumithal angle  is proportional to sin(3+). The solid lines in Figure 3 
. It is clearly seen from Eqs. (7) and (8) that the magnitude of THz field changes periodically with polarization angle  in the relation of sin(2++). From Eqs. (7) and (8), it is also clear that the phase difference between horizontal and vertical directions is /4 in each periodicy. Solid lines in Figre 4 are the fitted curves with Eqs. (7) and (8), revealing a good agreement between experimental data and simulation.
Discussions
By referring to optical parameters of (110)-oriented ZnTe, the absolute value of the THz electric field in CST can be calculated according to the current measurement with Lock-in amplifier [25] [26] :
where the nonzero electro-optic coefficient  41 = 3.9 pm/V of ZnTe, the refractive index n of ZnTe is 2.8 at 800 nm, the ω is the circular frequency, the length of the crystal L = 1 mm, ΔI and I probe denote the THz electric field induced intensity change of probe beam in ZnTe and the probe beam intensity, respectively. The peak amplitude of ΔI/I probe is measured to be 2 ×10 −4 , and the peak value of THz electric field generated in CST is calculated to be about 29.8 V/cm based on Eq. (9). The effective nonlinear coefficient in CST crystal could be more than 30 times larger than that of ZnTe with considering the ~ 62.5 nm optical penetration depth at 800 nm. In addition, the CST crystal is transparent and dispersion-free in the frequency range of 0.1 to 2.5 THz, making it a good candidate as a THz emitter with mid-IR pump if the phase matching condition (i.e. n THz = n optics ) could be satisfied.
Considering the used photon energy of 1.55 eV in our experiment is even larger than the size of direct band gap, 1.2 eV, not to mention the size of indirect band gap, 0.4 eV, the photoinduced surface current therefore can also contribute to the THz emission. [27] [28] [29] [30] In order to eliminate this effect, we also performed measurement by using circular polarization of fs laser pulse. The results presented in Fig. S6 of the SI clearly show that the THz emission in such case is too weak to be observable. Another possible source producing the THz emission is the transient photocarrier dynamics resulted from the above photoexcitation at 800 nm. [31] [32] In such case, it is expected that transient dynamics of photocarrier should display ultrafast response with subpicosecond lifetime. Figure 5 
Conclusions
To summarize, by performing fs laser pulse illumination on the high-quazlity CrSiTe 3 single crystal, a broad band THz emission is observed, which increases linearly in strength with increasing the pump pulse intensity. Our analysis on the measurements suggests that the THz emission is induced by the surface optical rectification effect.
The effective nonlinear coefficient in CrSiTe 3 is more than 30 times larger than that of a conventional THz emitter, the ZnTe crystal, indicating that CrSiTe 3 is a good candidate for THz emitter. Furthermore, optical pump and THz probe experimental reveals that the photocarrier relaxation follows two processes, the fast process with lifetime of a few ps increases slightly with the pump fluence, which is assigned as the Optical pump and THz probe spectroscopy. Figure 2 THz emission spectroscopy. THz emission spectroscopy is similar as that of Figure   2 (a) with the pump beam was blocked and the emitted ZnTe was replaced by CrSiTe 3 crystal. As shown schematically in Figure 2(b) , the c-cut CrSiTe 3 crystal is irradiated at normal incidence with weakly focused beam. The 120-fs-pulse-duration is much shorter than the period of the emitted THz bursts, enabling the coherent emission. The
THz detection system is based on electro-optic sampling with a 1 mm thick (110)-oriented ZnTe crystal. As illustrated in Fig. 2(c) , the CrSiTe 3 crystal was mounted onto a stage that can rotate in vertical plane for adjusting azimuthal angle ().
A half-wave plate was placed before the CrSiTe 3 crystal, which is used to change the polarization angle () of incident laser pulse (see Figure 2 (c)). A pair of THz polarizers, P1 and P2, were placed between two parabolic mirrors, PM3 and PM4, as illustrated in Fig. 2(a) , which was used to measure the horizontal and vertical polarization of the emitted THz radiation, respectively.
Data availability.
The data that support the plots within this paper and other findings of this study are available from the corresponding authors upon reasonable request.
The calculated band structure and density of states for CST single crystal
All first-principle electronic structure calculations were performed using the Vienna In addition, we also measured the transmitted THz polarization change with respect to the azimuthal angle, which is presented in Figure S It is noted that the CST crystal undergoes a ferromagnetic ordering around T C = 33 K [2] . In order to exclude the influence of phase transition on the THz transmission spectra, Figure S3 shows the temperature dependent THz transmission spectra, it is clear that the THz transmission is nearly temperature independence in temperature range of 5 -300 K. Fourier transformation in temperature range from 5 K to 300 K. Figure   S5 presents the 3D plots of the THz radiation. Figure S4 . The 3D plots of the polarization of the THz emission with respect to the polarization angle .
The 3D plots of emitted THz polarization with respect to the azimuthal angle

The evaluation of walking-off length in CST single crystal.
The walking off length l w between optical pulse and generated THz radiation can be evaluated with following formula: [3] (S1) where C and  p are the speed of light at vacuum and optical pulse duration, respectively. n THz and n Opt denote the refractive indices of CST crystal at THz and optical frequency, respectively. In the present case, the fs laser pulse has pulse duration of  p = 120 fs, the n THz is measured to be 3.17 in the investigated frequency range from 0.2 to 2.5 THz, while n Opt is determined to be about 2.5 around 800 nm.
Therefore, the walking-off length (l w ) is calculated to be about 61 m, which is three-order longer than the penetration depth (62.5 nm) at 800 nm. Figure S5 . Refractive index dispersion obtained from optical ellipsometer with three incident angles in the wavelength range from 600 nm to 1000 nm, the average refractive index around 800 nm of the sample is determined to be 2.58.
6. Details for obtaining the effective nonlinear coefficient.
Derivation of the effective nonlinear coefficient d eff ,
The single crystal CST can be indexed as ̅ space group with a point group, the second order nonlinear susceptibility, in form of d-matrix, can be written as: 11 wher =tan -1 (d 11 /d 16 ).
Derivation of pump polarization dependent E H and E V components of THz emission
The included angle  denotes the angle between the the polarization of pump pulse and the x-axis of the crystal, which is changed by a half-wave plate. As illustrated in Figure 2 (c), the angle  is fixed at this situation. 
THz emission with circular pump polarization
We also conducted the THz emission measurement with circular polarization of pump beam, which is shown in Figure S6 . It is clearly seen that THz emission shows negligible signal with that of linear case, which reveals that pump induced charge current contribution to the THz radiation is too weak to be ignored. If we look carefully at the THz emission with circular polarization, it is noted that THz emission with right-handed circular polarization (RCP) shows out of phase with that of left-handed circular polarization (LCP). 
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